The PASS MAS-NMR technique is capable of recovering full intensities of the central resonances of a spectrum by phase adjusting the spinning sidebands.
Introduction
Magic Angle Spinning MAS NMR 1,2 averages the second rank chemical shift tensor by rotating the sample about an axis inclined at a 54 44' angle the`magic angle' with respect to the external magnetic eld. This technique provides high resolution NMR spectra of solids, with lineshapes comparable to those of solutions. Spinning the solid sample at the magic angle leads to a spectrum composed of a central peak at the isotropic shift of each resonance and additional spinning sidebands equally spaced at the rotor frequency from and in phase with the central peak 3,4 . Except for determination and analysis of the chemical shift tensor, spinning sidebands are rather unwelcomed guests in a complex spectrum, since sidebands reduce the central peak intensity b y an amount equivalent to their own intensities. Analyzing the spectrum of a compound with more than one resonance might result in the overlapping of central peaks and sidebands, both in general indistinguishable from each other, and therefore making a quantitative, and even qualitative, interpretation di cult, if not impossible 5,6 . Sidebands are not observed at low magnetic elds or high spinning rates, because the frequency r of the rotor exceeds that of the chemical shift anisotropy , expressed in Hz: r . F or NMR spectra, obtained under conditions not satisfying these criteria, other alternatives have to be found to solve the spinning-sideband problem. TOSS 7 9 is a special pulse sequence that totally suppresses spinning sidebands by time-averaging the magnetization trajectories from all crystallites in the sample during detection. Discarding the sidebands causes valuable chemical shift and intensity information to be lost 3,10 . Thus, except for the reduction of the number of peaks in a spectrum, sideband suppression is most undesirable. Two-thirds of the chemical shift information can be obtained from spinning sidebands by employing the intensity analysis of Herzfeld and Berger 10 . A more sophisticated method, Phase Adjustment of Spinning Sidebands PASS 7 , recovers the full intensities of the central resonance peaks and retrieves the information that is stored in the sidebands.
The six-pulse PASS sequence competes with various other solid state NMR techniques. PASS is recommended for systems with short T 2 times, long T 1 times, and for experiments with long data acquisition. The newer 2D TOSS sequences 11,12 are the two dimensional analogue to PASS. They have the advantage that pure absorptive sideband lineshapes are obtained. On the other hand they require eight and two 2 pulses and about twice the time range of PASS t P A S S , therefore reducing the magnetization by a m ultiplicative factor of e ,2t PA S S =T 2 , caused by transverse relaxation T 2 . This might lead to serious signalto-noise problems for samples with short T 2 times. In addition, the signal of the 2D TOSS sequence is reduced further by a m ultiplicative factor of 2e ,2tr=T 2 compared to PASS because two scans real and imaginary are required, producing p 2 times more noise 15 . A second 2D TOSS experiment which recoveres full intensities of the central peaks by accumulating a spectrum Sw 1 ; t 2 = 0 w as introduced by Bodenhausen 13 . This technique might also exhibit problems for samples with short T 2 times. The six-pulse PASS technique lls in the missing space of a 1D experiment which is able to fully recover isotropic intensities with a shorter acquisition time compared to the above mentioned 2D techniques, opening the studies of compounds with shorter T 2 times. The 1D PASS experiment might be useful in elds such a s t wo-and three-dimensional polymer orientation NMR experiments 15 , where a high number of scans and long data accumulation times are necessary. Also in the area of glasses e.g. Se type glasses 14 , long T 1 times of 15 minutes or more produce lengthy experiments. In those cases a 2D TOSS experiment increases the duration of data acquisition by a factor n, where n is the number of sidebands that need to be recovered 11 . In contrast, PASS only requires two spectra to recover all even and all uneven sidebands, three spectra to recover all sidebands modulo 3, etc. see Table 4 .
The new PASS pulse sequence introduced in this publication uses six pulses instead of only four. Pulse overlap and receiver dead-time problems prevent some of the pulse sequences in the original version of PASS from being implemented experimentally. The additional two pulses eliminate these problems. The time between pulses is not shorter than one tenth of a rotor period in the six pulse sequence. Therefore, higher spinning rates are allowed. Assuming a 90 pulse having a pulse width pw of 10 s for an upper limit, a spinning rate srate of 5000 Hzis allowed: Solving the four transcendental PASS equations is more easily done graphically, rather than by a n umerical approach. The latter involves the guess of initial conditions, the production of many divergent or unphysical results and high CPU times. Presented below are the results obtained by using a graphical program as a`virtual instrument', that runs within the LabVIEW 16 environment. The user is able to change and improve initial parameters, and with a little patience a solution is usually found within minutes.
The six PASS Equations
An excellent description of echo formation in solids is provided in Dixon's PASS paper 7 . The following treatment extends the PASS equations to six pulses. In order to obtain an echo in a rotating solid the phases of all spins in the sample need to be refocused. This can be achieved by applying several pulses. The expression for the phase of any spin after six pulses leads to the four transcendental PASS equations. is the important phase change for each sideband of order m. Note that only the phases, not the amplitudes, of the sidebands are manipulated. The determination of the pulse delay and acquisition times for di erent pitches is discussed in the next section.
The Graphical Approach
The PASS equations for the six pulse sequence Eq. 2 5 can be combined into two phasor equations. A solution is found whenever the time-dependent the rst terms and time-independent parts of Eqs. 8,9 cancel each other. The graphical analogue would be: a solution is reached whenever both equations simultaneously present closed polygon trains in their phasor diagrams. One possible graphical solution for pitch 0.5 is shown in Fig. 1 . This problem is solved graphically by using a virtual instrument 20 that runs within the LabVIEW environment. The user can solve the two phasor equations by adjusting the variables a', b', c', d', t' and the pitch p'. In addition, an indicator shows if the Hahn-echo constraint is satis ed. The program then calculates the missing e' and f' angles phasors which provide a closed polygon train for the single-angle equation Eq. 8 . Either two o r no rarely one solutions can be found see Fig. 2 . The two solutions are displayed as phasor diagrams on the screen. In addition the matching two double-angle phasor diagrams are shown. The goal is to choose the adjustable variables in such a w ay that one of the double-angle diagrams also closes its polygon train. On average, a solution that has the necessary accuracy 0.0001 for the PASS experiment can be reached within a few minutes by trial and error. The six pulse-delay times and the acquisition time for pitches p, which are integral multiples o f 1 =8; 1=12; and 1=20; found by the phasor method described above, are listed in Tables 1, 2 , and 3, respectively. This graphical approach should prove useful in solving similar NMR equations. The graphical solution addressed in this section was favored over our numerical attempts. Solving the four transcendental PASS equations numerically is di cult because the system is underdetermined with a complicated constraint see Eq. 6 . With the guess of initial conditions, the production of many divergent or unphysical results, and high CPU times numerical calculations did not yield a solution even after several days. We h a ve not come across general analytical solutions to the PASS equations in the literature for arbitrary pitches. Compared to the analytical results of the TOSS equations 21,22 , the PASS equations come with their additional variable, the pitch p . E v en if analytical solutions for certain pitches exist, they are not likely to be experimentally useful.
Experimental Results and Discussion
The general pulse sequence is shown in Fig. 3 . The pulse delay times for the six pulses can be taken from Tables 1, 2 , and 3. The time interval between pulses is measured from the centers of the pulses, suggesting that the pulses must be kept as short as possible for the system to evolve freely between pulses. The phase cycling for the 180 pulses was an alternation between x; y; x; y and x; y;x; y. To minimize pulse imperfection, composite pulses: 90 180 90 90 17 were implemented i n to the PASS sequence. The disadvantage that comes with composite pulses is that the free evolution time between pulses is reduced and therefore the maximum value for the spinning rate is decreased by a factor of two. A more extended discussion of experimental problems can be found in Gri n's paper 18 .
The six PASS sequence was tested on a 400 MHzVarian VXR 5000, equipped with a Doty probe. 13 C NMR 100 MHz w as performed on glycine. Chemical shifts are given in ppm with respect to TMS. The 13 C in the carboxylic acid group, which provides very narrow sidebands, was selected to examine PASS. The 180 pulses had a duration of 14.2 s.
A spinning rate of 1224 1 Hzwas chosen. The spinning rate was regulated to within 1 Hzby a frequency controller made`in house' comparable to the one described in ref. 19 . This level of accuracy is su cient for the successful addition of spectra. Cross polarization was used to enhance sensitivity. Some selected spectra of glycine with pitches p= 5=20 and 15=20 are shown in Fig. 4 . A variety of addition processes can be performed on the PASS spectra, cancelling chosen sidebands. Table 4 gives a small selection of spectral addition sequences that are useful in regaining the full intensity of the central peak. An example of the suppression of all odd sidebands the third term, row t wo o f T able 4, by adding up the p= 5=20 and 15=20 spectra, is shown in Fig. 4 bottom spectrum, leaving the two isotropical resonances of glycine in phase with each other. However, the intensities of the C1 and C2 resonances are distorted because of cross-polarization e ects. A more complex addition sequence the second term, row 9 of Table 4 is shown in Fig. 5 , illustrating the capabilities of PASS. Finally, in Fig. 6 the total intensity of the 13 C peak, obtained by shifting the isolated m th order sidebands by m r into the central peak, is shown. Also, the standard MAS spectrum, which should have this same intensity spread over central peak and sidebands, is displayed to the right. Experimentally the two i n tensities were determined Table 5 . Our determined values are within the error limit of several published glycine CSA.
Conclusions
Prior to this work, the only published PASS sequence was based on four pulses 7 .
Experimental problems are pulse overlap and receiver dead-time in the delays of phasealtered spinning sidebands. Overlap can be eliminated by adding a rotor period between pulses which delays acquisition time by t wo rotor periods. This might lead to a severe decrease in the signal intensity, especially for samples with short T 2 times. By using six instead of four pulses these problems are eliminated completely. Six adjustable parameters add more exibility i n c hoosing the spacing between pulses which permits higher spinning rates. Additionally the acquisition time can be kept below 2.0 rotor periods. No receiver dead-time problems occur under these conditions. The PASS equations were solved using a graphical phasor solution rather than a numerical calculation. The LabVIEW program used can run on a PC. This approach might be helpful not only for PASS equations since in general pulse sequences for solid state NMR look rather similar to each other and can be solved using similar techniques. PASS might h a ve future applications in the area of polymer and glass solid state NMR experiments. PASS NMR experiments on glycine show that, by the addition of sequences, selected sidebands can be recovered and a linear phase shift across the spectrum can be avoided. The total intensity of the central peak can be obtained by adding all sidebands and central peak intensities together. Further, the isolated PASS sidebands can be used to calculate the chemical shift tensor by the Herzfeld and Berger analysis. 
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C NMR spectra of glycine with pitch p=5=20 and 15=20 are presented.
The data were taken on a 400 MH zVarian NMR VXR 5000, equipped with a Doty probe, with a spinning rate of 1224 1 Hz. The duration of a 90 pulse for 13 C in the carboxylic acid group, was determined to be 7.1 s. The repetition time of the experiment w as 5 s and 32 transients were taken for each spectrum. All odd sidebands can be suppressed by adding up the spectra p= 5=20 and 15=20. The C2 resonance of glycine, which is in phase with the isotropical peak of the C1 resonance, is shown for the addition spectrum. Chemical shifts are given in ppm with respect to TMS. 
